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ABSTRACT 
DECIPHERING THE FUNCTIONAL COLLABORATION OF MID AND BRIC-A-
BRAC 2 AS POTENTIAL REGULATORS OF CELLULAR PROLIFERATION 
WITHIN ADULT DROSOPHILA OVARIES 
by Petra Visic 
May 2015 
Stem cell niches are highly organized and specialized microenvironments located 
within specific tissues of both vertebrate and invertebrate organisms [1]. In Drosophila 
melanogaster, three distinct stem cell niches have been identified within the ovary 
including the germline stem cell (GSC), follicle stem cell (FSC), and escort stem cell 
(ESC) niche. Recently, Fregoso-Lomas et al. [2] reported that Gurken/Epidermal Growth 
Factor Receptor (EGFR) signaling is modulated within posterior ovarian follicle cells by 
Midline (Mid). The mid gene encodes a T-box transcription factor protein that specifies 
cell fates in the developing heart [3] [4], central nervous system [5] [6], epidermis [7], 
and eye of Drosophila [8]. The Tbx20 gene represents the conserved vertebrate ortholog 
of mid. Experimental evidence suggests that Tbx20 regulates cell proliferation within the 
embryonic chamber of the mouse myocardium; Tbx20-/- null mice exhibit increased 
expression of Tbx2 with a concomitant decrease in N-myc-1 expression, a proto-oncogene. 
These disturbed signaling events induce hypoplasia [9].  
The Leal lab undertook a genetic modifier screen and discovered 
that mid interacts with several genes implicated in the control of cellular proliferation 
including extramacrochaetae (emc) [8] and dFOXO [10]. In addition, the modENCODE 
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consortium identified bric-a-brac-1 and  bric-a-brac-2 (bab-1 and bab-2) as 
theoretical mid-interacting genes that encode proteins harboring a BTB/POZ-ZF domain 
in Drosophila. The BTB/POZ-ZF domain is associated with oncogenic activity in 
humans [11]. Towards meeting the aims of the Master’s Thesis research, we carried out: 
1) loss-of-function (LOF) and gain-of-function (GOF) studies with mid and specific mid-
interacting genes within developing egg chambers, 2) cellular proliferation assays, and 3) 
immunofluorescent studies.  Taken together, these studies allowed us to decipher the 
functional collaboration of mid with either bab-2 or bab-1 as a regulator of cellular 
proliferation within stem cell niches and as a critical gene required for oogenesis.  
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CHAPTER I 
INTRODUCTION 
Over the past one hundred years Drosophila melanogaster has become a well-
studied and useful model organism for genetic and developmental biological research. 
Many biological functions in the fly are highly conserved across mammalian species 
including humans.   The genetic regulation of development has largely been uncovered 
by the use of the fruit fly model system. Moreover, nearly 75% of human disease-causing 
genes share a functional homolog in Drosophila, which has been implemented as a 
powerful model system to study central nervous system (CNS) disorders, inflammatory 
disorders, cardiovascular disease, diabetes, and cancer [12].   
The understanding of various mechanisms that regulate cell growth, 
differentiation, and development has been considerably advanced by studies using 
Drosophila [13]. Due to the highly conserved physiological and developmental 
mechanisms shared between mammals and Drosophila, the identification of several 
signaling pathways including the Hippo, Notch, Decapentaplegic (Dpp), and Janus N-
terminal kinase-Signal Transducer and Activator of Transcription (JNK-STAT) was 
largely accomplished.  Furthermore, with the sequenced Drosophila genome and the 
availability of tools for genetic manipulation, numerous studies have identified the 
importance of Notch, Dpp, and JNK-STAT pathways in regulating multiple cellular 
processes including proliferation, organ growth, and oncogenesis during development 
[14] [15] [16]. In comparison to mammalian models, Drosophila melanogaster offers an 
additional advantage in the study of stem cell niches. Stem cell niches are located within 
the adult midgut, testis, and ovaries. These distinct niches are regulated by multiple 
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signaling pathways. They also exhibit unique sizes and activities, which makes them a 
remarkable model system for proliferation studies [17].  
Three distinct stem cell niches are located within the adult Drosophila ovary and 
are represented by the germline stem cell (GSC), follicle stem cell (FSC), and escort stem 
cell (ESC) niche. Recently, Fregoso Lomas et al. (2013) reported that Gurken/Epidermal 
Growth Factor Receptor (EGFR) signaling is modulated within posterior ovarian follicle 
cells by the T-box transcription factor Midline (Mid) [2]. This report was novel since Mid 
has never been shown to regulate the EGFR pathway. Rather, Mid has been shown to 
regulate cell fate specification in the developing heart [4] [3], CNS [5] [6], epidermis [7], 
and eye of Drosophila [8]. However, mouse Tbx20, a gene that represents the conserved 
vertebrate ortholog of mid, has been reported to regulate cell proliferation within the 
mouse embryonic chamber myocardium, resulting in changes of N-myc-1 expression. The 
N-myc-1 gene encodes a proto-oncogene and thus, aberrant overexpression of this gene 
leads to hypoplasia [9]. 
 The genetic modifier screen performed by the Leal lab as well as Das et al. 
(2013) used Drosophila as a model system and identified several mid-interacting genes 
implicated in the control of cellular proliferation including extramacrochaetae (emc) [8] 
[18] [19], dFOXO [10], and Cyclin A (unpublished). In addition, bric-a-brac-1 (bab-1), a 
homeotic and morphogenic regulator within Drosophila ovaries was identified as 
possible mid-interacting candidate. The ModENCODE consortium reported that Bab-1 
interacts with Mid as determined by yeast-2-hybrid analyses. Moreover, Bab-1 and Bab-2 
contain a bric á brac/poxvirus-zinc finger (BTB/POZ-ZF) protein domain with 
demonstrated oncogenic activities reported in various studies [11] [20]. 
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The central goal of my thesis research was to elucidate the role of mid, bab-1, and 
bab-2 in regulating cellular proliferation within adult Drosophila ovaries. Previous 
research had shown an increase of cis- and trans- signaling activity between both bab 
alleles [21].  The genetic modifier screen accomplished by the Leal lab uncovered 
cellular signaling regulated by Mid [8] [10]. It is likely that mid also regulates cellular 
proliferation. Thus, I have sought to uncover the interaction of Mid with Bab-1 and Bab-2 
to determine whether they co-regulate cellular proliferation.  
In addition to the potential roles of Mid in regulating growth and cellular 
proliferation, the collaboration of mid, bab-1, and bab-2 in adult Drosophila ovaries to 
regulate developmental functions remains highly unexplored. Therefore, we are pursuing 
the first study towards expanding the signaling network of adult Drosophila ovaries to 
further understand mid, bab-1 and bab-2 interactions within specific signaling pathways 
that regulate cellular proliferation as well as development of the oocyte.  
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CHAPTER II 
REVIEW OF RELATED LITERATURE 
Definition of the stem cell niche and its discovery 
Stem cell niches are highly organized and specialized stem cell 
microenvironments within specific tissues [17]. The ‘stem cell’ term implies that every 
undifferentiated cell differentiates into a specialized cell and undergoes self-renewal. 
Investigating the properties of Drosophila stem niches is not a new area of research. 
However, after a decade of research, a unified view of stem cell regulation has been 
advanced [1]. Each stem cell niche depends upon external (systemic and local) signaling 
and surrounding cells for self-renewal and maintenance. Moreover, each stem cell niche 
is dependent upon its microenvironment for the regulation of stem cell differentiation and 
division. 
In Drosophila, several stem cell niches are detected within the ovary, testes, larval 
brain, and intestine. Early studies in these organs have formed the basis for the 
identification of stem cells in more complex mammalian systems [17]. Within the niche 
microenvironments, multiple signaling pathways control stem cell behavior as well as the 
size and activity of the niche [17]. Many highly conserved stem cell niche regulators are 
members of the JNK-STAT [22], Wingless (Wg), and EGFR signaling pathways [23]. 
Other pathways that regulate the stem cell niche include Notch-Delta [24], bone 
morphogenetic proteins (BMPs) [25] [26] [27], and E-cadherin signaling [25]. 
In order to better understand the properties of a niche, it is necessary to discuss 
classical experiments conducted three decades ago. In 1978, in an attempt to characterize 
the microenvironment that surrounds and supports hematopoietic stem cells, Ray 
5 
 
 
Schofield first proposed the “niche” hypothesis. Schofield hypothesized that the stem 
cell’s association with other cells determines its behavior. Schofield’s study also stated 
that the stem cell essentially becomes a fixed cell within a tissue. In other words, the 
maturation of the stem cell to a post-mitotic state is prevented and, as a result, the stem 
cell continues to proliferate [28]. Stem cell progeny acquire the competence to 
differentiate into a post-mitotic state. However, they can avert this by occupying a similar, 
geographical stem cell niche [28].  
Since the first mention of Schofield’s hypothesis, various in vitro experiments 
including bone marrow transplantation, as well as irradiation and drug treatments, 
validated the hypothesis [29]. The in vitro infection of mouse bone marrow cells with 
murine leukemia viruses affected the proliferation and differentiation of the stem cells 
within them [30]. Stem cells isolated from testes of donor male mice repopulated sterile 
testes when injected into seminiferous tubules [31]. However, regardless of the efforts, 
these in vitro studies could not be replicated in vivo [29]. Therefore, due to the extreme 
complexity of mammalian structures [29] further in vivo evidence supporting the niche 
hypothesis required conducting research using simpler animal model systems, including 
Drosophila melanogaster and Caenorhabditis elegans (C. elegans). 
In the year 2000, twenty years after the advent of the Schofield hypothesis, the 
GSC niche within the Drosophila ovary was discovered and identified within the 
germarial tip adjacent to GSCs (Figure 1) [27]. Shortly after, the hub, located at the apical 
end of the Drosophila testis, was also found to represent a GSC niche [32]. Subsequently, 
GSC niches in C. elegans were discovered, and even more recently, significant progress 
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has been made in defining stem cell microenvironments across different mammalian 
tissue types [33] [34]. 
Figure 1. Schematic representation of ovarian stem cell niches and the developing 
posterior-anterior and dorsal-ventral axes of ovarioles. The Drosophila adult ovary 
contains three stem cell niches: GSC, FSC and ESC (see text). The ESC niche is 
considered a part of the GSC stem cell niche.  
Adhesive Interactions and Asymmetric Signaling in Drosophila Stem Sell Niches 
Using the Drosophila GSC niche as a model, two key processes have been 
identified that regulate all Drosophila niches: adhesive interactions and asymmetric 
signaling [35] [1] [36]. These processes have also been detected within the follicle stem 
cell (FSC) niche and intestinal stem cell (ISC) niche [1]. 
Adhesive interactions between stem cells and their surrounding niche serve 
primarily to regulate niche size and occupancy [1]. Similar to Drosophila stem cells and 
niches, niche location in mammalian systems is typically defined by its proximity to other 
stem cells required to induce signals to support the stem cells [29]. Therefore, it is 
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essential to understand how different types of cells adjacent to stem cells contribute to 
stem cell function and regulation. 
In addition to adhesive interactions, asymmetric signaling within a stem cell niche 
can repress differentiation while promoting the adherence of one stem cell. At the same 
time, asymmetric signaling reduces adhesiveness and stimulates the development of the 
other daughter stem cell within the same niche [1] (Figure 1). In other words, the position 
of the stem cell within the niche is an important factor that will determine whether the 
stem cell proliferates or differentiates.   
The GSC Niche in the Drosophila Ovary 
Each Drosophila female has two ovaries and approximately sixteen ovarioles 
within each ovary. The ovariole is split into two parts consisting of a germarium and 
consecutive egg chambers (Figure 1). The most anterior portion of the ovariole consists 
of the germarium in which GSC and FSC niches are located. The GSC niche is located at 
the tip of the germarium adjacent to cap cells, intergermarial sheath cells, and terminal 
filaments.  Two FSCs niches are located more towards the posterior region, opposite to 
each other across the anterior-posterior axis, and surrounded mostly by intergermarial 
sheath cells. 
Cap cells prevent GSCs from moving down the ovariole via adherens junctions 
[36]. The JNK/STAT pathway in the cap and intergermarial sheath cells is activated upon 
expression of Unpaired (Upd) and related cytokines in the terminal filament that are 
secreted into the GSC’s microenvironment [37]. Morphogenic gradient signaling from 
the terminal filaments to the cap cells induces a signaling cascade. In turn, determinants, 
such as transcription factors, are inherited equally among daughter cells. However, the 
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niche allows only one daughter cell to remain within the niche. In addition, surrounding 
escort cells influence the fates of the daughter cells.  In other words, the more proximal 
daughter cell that is positioned closer to the cap cells, remain in the niche. As opposed to 
the proximal daughter cell, the distal daughter cell will enter a post-mitotic state, 
differentiate, and be forced to leave the niche via an asymmetric cell division [1]. 
The FSC Niche in the Drosophila Ovary 
Compared to the GSC niche, the FSC niche is located in a novel 
microenvironment [38]. The role of FSCs is to produce follicle cells that encapsulate 
developing oocytes and nurse cells [39]. FSC’s also replace escort cells after they have 
undergone apoptosis [39]. 
As previously discussed, each ovariole contains two FSC niches on opposite sides 
of the anterior-posterior axis of the germarium. In comparison to GSCs, the most striking 
feature of FSCs is the apparent lack of fixed adhesion and polarity toward interacting 
cells [39]. However, the presence of E-Caderin and β –Catenin, found to be essential for 
FSC niche function, suggests the existence of adherens junctions in the FSCs niche [1]. It 
is believed that adherens junctions, together with several signaling pathways [Hedgehog 
(Hh), Wingless (Wg), and Bone Morphogenic Protein (BMP)] are implicated in the 
maintenance of FSCs. However, further research is necessary to reconcile this hypothesis 
[40]. 
Oogenesis: The Development of Drosophila ovaries 
The Drosophila oocyte is a highly structured chamber. Over 500 µm long, it has 
established anterior–posterior and dorsal–ventral axes [41]. It is protected by an eggshell 
that facilitates embryonic development in harsh external environments [41]. Anterior-
9 
 
 
posterior and dorsal-ventral axes direct and control roaming of its RNA, DNA, and 
proteins. The oocyte itself receives information from the nurse and follicle cells.  
Follicle cells form a somatic monolayer surrounding the cluster of germ cells to 
direct the development of the Drosophila oocyte [41]. These cells participate in signaling 
events within the germline that determine the anterior-posterior and dorsal-ventral axes 
[41]. The role of nurse cells is to provide nutrients for future embryonic needs. 
GSCs develop from the polar cells, which are cells that bud from the posterior end 
of the blastula after fertilization. In adult Drosophila, GSCs become precursors of the 
eggs (females) and the sperm (males). Ovarian structure is built around GSCs with the 
help of the follicle cells’ somatic monolayer. This most apical structure was previously 
mentioned as a germarium. Although the budding of the polar cells is one of the first 
events in morphogenesis, their assembly into adult gonads begins during the third-instar 
larval stage (3˚L). 
The germarium is the starting point for further egg chamber development. Each 
ovary contains several germaria that, under normal conditions, eventually give rise to an 
ovariole. Egg chambers develop within ten different stages. Stages 1-6 are characterized 
by extensive proliferation, 4-6 by anterior-posterior patterning, and 7-10 by 
endoreplication [41]. At the apical tip of every germarium, there are two GSCs. The first-
stage egg chamber is located in the posterior of the germarium.  
GSCs produce one precursor cell of the egg at a time, the cystoblast. Further on, 
the cystoblast goes through three stages of cyst formation that give rise to six cysts, each 
composed of 16 cells, and each yielding a single stage-1 egg chamber.  As mentioned 
before, division of the GSC is asymmetric. While one cell becomes a cystoblast, the other 
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becomes a daughter stem cell that will give a rise to another cystoblast [41]. Each 
cystoblast has a polarized microtubular network. Connection among its cells is 
maintained by ring canals. However, only one cell of the cyst that contains a 
microtubular-organizing center will become the oocyte [41]. The rest of the cells will 
develop into nurse cells.  
When the cystoblast gives rise to an oocyte, border cells will form at its anterior 
end. The border cells are implicated in the creation and maintenance of the anterior-
posterior polarity in the egg. Meanwhile, follicle cells at the posterior end of the oocyte 
develop a posterior cell fate. Development of the posterior cell fate requires Gurken 
function in the oocyte and the Epidermal Growth Factor receptor (Torpedo) in the follicle 
cell layer [42]. The posterior follicle cells send an unidentified signal back to the oocyte 
to repolarize the anterior-posterior axis. Protein kinase A is involved in signaling that 
results in the disassembly and reassembly of the microtubular-organizing center [41]. 
  
Figure 2. Fregoso-Lomas et al. (2013) model. Mid and H15 
of the Dorsal Anterior Domain by Altering EGFR
Anterior Fates. A) Mid and H15 expression
of oogenesis. By stage 10, both Mid and H15 are expressed wit
follicle cells. B) The gradient of Gurken (Grk; radiant grey), Mid (light blue)
(dark blue). The mid and 
and dorsal anterior fates. 
 
Establish the Posterior Limit 
-Mediated Specification of Dorsal 
s are induced by Gurken/EGFR during stage 6 
hin most of the posterior 
H15/mid mutants result in Broad expression (red
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Signaling network of oogenesis 
Drosophila oogenesis involves a complex network of signaling pathways, 
including Hippo [43] [44], Hh [44], JNK-STAT [22], Wg [45] [46], EGFR [47] [2], BMP 
[48], Insulin [49], and Notch-Delta [50]. The BMP pathway was considered sufficient for 
GSC self-renewal and proliferation [27]. However, a more recent study [51] shows that 
coordination between somatic growth and germline division in adult ovaries is monitored 
and corrected for by more than one mechanism. 
Midline, H15, and the bric-a-brac locus 
The mid gene encodes a T-box transcription factor protein with an established role 
in specifying cell fates of the developing heart [52] [4] CNS [5] [6], epidermis [7], and 
eye of Drosophila melanogaster [8]. 
Recently, Fregoso-Lomas et al. (2013) reported that Gurken/EGFR signaling is 
modulated in the posterior follicle cells of the ovaries by the expression of Mid and H15. 
These two factors had not yet been associated with the EGFR pathway, although they are 
highly associated with a wide range of developmental processes including stem cell 
differentiation, cell fate commitment, and cardiovascular system development [53], [54], 
[5], [6] [55], [52] [56]. 
Mid and H15 are homologous to the vertebrate Tbx20 protein [3]. Although 
Tbx20 is likewise expressed in the developing CNS and the eye of mice, most studies 
have focused on Tbx20 regulation of heart development. Recently, experimental evidence 
suggests that mouse Tbx20 also regulates cell proliferation within the embryonic 
chamber myocardium by repressing Tbx2. Tbx20-/- null mice exhibit increased expression 
of Tbx2 and in turn, decreased levels of the proto-oncogene N-myc-1 leading to 
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hypoplasia. Conversely and under normal conditions, Tbx20 represses Tbx2 resulting in 
high levels of N-myc-1 with a concomitant increase in cellular proliferation [9] 
The modENCODE consortium predicted that Bab-1 was a Mid-interacting gene 
candidate based on yeast 2-hybrid analyses. In Drosophila melanogaster, the bab locus is 
composed of two paralogous genes, bab-1 and bab-2, which are involved in patterning 
the adult abdomen, legs, and ovaries (Kopp et al., 2000). They are also expressed in the 
Drosophila eye-antennal disc and CNS tissues (modENCODE Temporal Expression 
Profile; Flybase.org). 
In developing adult ovaries, legs, antenna, and abdomen, the bab locus acts as a 
homeotic and morphogenetic regulator [21].  Throughout development bab-1 and bab-2 
share largely redundant, but also partially distinct functions, with bab-2 apparently 
playing a predominant role in leg and ovary development [57]. 
Importance of the BTB/POZ protein domain 
The BTB/POZ domain is an evolutionarily conserved protein-protein interaction 
domain [58]. It was first discovered as a conserved sequence in the Broad-complex, 
Tramtrack, and Bric-a-brac (BTB) proteins in Drosophila melanogaster. This domain is 
present within the N-terminal region of numerous transcription factors involved in 
development, chromatin remodeling, and human cancers [59]. Therefore, the human 
BTB/POZ domain plays an important role in the regulation of cell cycle differentiation 
and development [60].  
The BTB/POZ domain proteins form homomeric and heteromeric associations 
that participate in a variety of cellular functions including transcriptional regulation, 
cellular proliferation, apoptosis, cell morphology, and degradation of ubiquitin-tagged 
14 
 
 
proteins [11]. Both homomeric and heteromeric protein-protein interactions have been 
observed because the BTB domain forms dimers as well as mediates interactions with 
non-BTB domain-containing proteins [58]. 
The BTB/POZ domain consists of approximately 200 amino acids in over 600 
different proteins ranging from yeast to humans [61]. In humans, most notably BTB/POZ 
domain proteins include B-cell Lymphoma 6 (BCL6) [58]; [62], leukemia/lymphoma 
related factor (LRF)/Pokémon [63], Promyelocytic Leukaemia Zinc Finger (PLZF) [64], 
hypermethylated in cancer (HIC)-1 [65], [20], Myc interacting zinc finger (MIZ)1 [66], 
Zinc Finger and BTB Domain Containing (ZBTB) 2, and ZBTB5 [60]. BCL6, Pokemon, 
ZBTB2, and ZBTB5 have been characterized as oncogenic factors regulating expression 
of p53, which is an important regulator of cell cycle progression and proliferation [60]. 
ZBTB8A stimulates cell proliferation and cell cycle progression, but also represses genes 
in the P53 pathway that include ADP-Ribosylation Factor (ARF), Human double minute 
(Hdm) 2, p53, and p21 [60].  
Prior to 2000, the Drosophila genome project had revealed 64 distinct BTB-
containing proteins [67]. Today, 183 BTB protein-domains have been identified in 
humans, 178 in the nematode (Caenorhabditis elegans), 195 in the mouse (Mus 
musculus), 77 in the mouse-ear crest (Arabidopsis thaliana), 85 in the fruit fly 
(Drosophila), and 85 in the malarial mosquito (Anopheles gambiae) [68]. Most of the 
BTB-containing proteins found in the Drosophila ovary play important roles. These 
include: 1) pipsqueak: detected in the germline and somatically derived follicle cells, and 
required prior to stage one of oogenesis [69], 2) jim lovell: necessary in late oogenesis for 
nurse cells and for oocyte sharing of cytoplasmic contents [70], 3) mamo: required for 
  
proper meiosis prior to oogenesis 
canals that connect oocyte and nurse cell
downstream of klumpfuss
pathway [73], and 6) bab
contains a highly conserved BabCD 
Figure 3. The Couderc et al. (2002) model of 
A) Bab-1 and Bab-2 share high sequence 
domain and the C-terminal BabCD domain.  B) Alignment of the BTB domains of Bab
and Bab-2. 
 
[71], 4) kelch: necessary for the construction of ring 
s in Drosophila ovaries [72], 5) 
 during apoptosis through regulation of the dEGFR/Ras 
. In addition to the BTB/POZ protein domain, the 
protein domain (Fig 3A).  
the Bab-1, Bab-2 and BTB 
amino acid identity within the N
 
15 
mrityu: found 
bab locus also 
 
protein domains. 
-terminal BTB 
-1 
16 
 
 
CHAPTER III 
METHODOLOGY 
Fly Stocks 
Drosophila melanogaster strains were maintained at 25˚C on standard cornmeal-
yeast-agar media. Oregon-R flies were used as wild-type (WT) controls and the following 
lines were obtained from the Bloomington Stock Center (Bloomington, Indiana; Table 1). 
Table 1 
The list of transgenic flies obtained from the Bloomington Stock Center (Bloomington, 
Indiana) 
Genotype 
Bloomington stock center 
number 
w[*]; PBac{w[+mW.hs]=GreenEye.nosGAL4}Dmel2   32179 
w[1118]; P{w[+mC]=UAS-dm.Z}132 9674 
w[*]; P{w[+mC]=GAL4-nos.NGT}40 P{w[+mC]=lacO.256x}43 
P{lacO.256x}50F P{lacO.256x}57A P{lacO.256x}60AB/CyO; 
P{w[+mC]=UAS-GFP.lacI}1.2/TM3, Sb[1] 
25378 
y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01538}attP2 36123 
w[*]; PBac{w[+mW.hs]=GreenEye.nosGAL4}Dmel6   32180 
y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMC03082}attP2   50681 
w[1118]; PBac{y[+mDint2] w[+mC]=bab-2-GFP.FPTB}VK00037/SM5 38628 
w[1118]; PBac{y[+mDint2] w[+mC]=bab-1-GFP.FPTB}VK00033/TM3, 
Sb[1]   
50753 
w[*]; P{w[+mW.hs]=GawB}bab-1[AGAL4-5]/TM3, Sb[1]  6802 
w[*]; P{w[+mW.hs]=GawB}bab-1[PGAL4-2]/TM6B, Tb[1]   6803 
P{w[+mC]=otu-GAL4::VP16.R}1, w[*]; P{w[+mC]=GAL4-
nos.NGT}40; P{w[+mC]=GAL4::VP16-nos.UTR}CG6325[MVD1]   
31777 
y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00168}attP2/TM3, Sb[1] 35270 
w[*]; P{w[+mC]=UAS-bab-1.G}1-2   6939 
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Table 1 (continued). 
Genotype 
Bloomington stock center 
number 
y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GLV21072}attP2/TM3, Sb[1] 35707 
y[1] w[*]; P{w[+mC]=UAS-smo.RNAi}2 P{UAS-smo.RNAi}8/CyO, 
P{Wee-P.ph0}2   
24472 
Note. The genotype of transgenic flies is represented in the left column. The stock number corresponding to each genotype is located 
within the right column.   
The following lines were obtained from Dr. González-Reyes, Centro Andaluz de 
Biología del Desarrollo, CSIC/ UPO (Sevilla, Spain):  
1. w; ptc-GAL4, UAS-GFP/ CyO; tub-Gal80[ts]/TM2  
2. w; UAS-dpp[RNAi]  
UAS-mid and UAS-mid-RNAi lines were provided by Dr. Rolf Bodmer.  
UAS-GAL4 binary system 
The UAS-GAL4 system is a scientific method developed by Brand and Perrimon 
(1993) that allows for the selective activation of any cloned gene in a wide variety of 
tissue- and cell-specific patterns [74]. In order to understand how the UAS-GAL4 system 
works it is important to become familiar with the molecular reagents that are utilized. The 
UAS/GAL4 binary system consists of two transgenic parental lines. The first line 
contains the gene encoding for the yeast GAL4 transcription factor. The other transgenic 
parental line contains the Upstream Activation Site (UAS) usually placed upstream of a 
gene of interest [75]. The UAS promoter region is where the GAL4 protein binds in order 
to activate transcription. Once these transgenic lines are crossed, their progeny contain 
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the UAS-GAL4 binary system that allows overexpression of the targeted gene driven by 
the GAL4 transcription factor. Further combination of the UAS-GAL4 binary system 
with RNA interference (RNAi) methods allows post-transcriptional silencing of a gene of 
interest. For example, UAS-GAL4 transgenic lines and RNAi methodology were 
combined to carry out a genetic modifier screen to identify mid-interacting gene 
candidates.  In one of these lines, UAS is placed upstream of a pWIZ vector encoding a 
hairpin-loop double-stranded RNA specific to the T-box domain of mid [55]. In the other 
transgenic line, the gene encoding the yeast GAL4 transcription factor is placed 
downstream of the Glass Multiple Reporter (GMR) promoter, an eye-specific enhancer 
region. Once the two transgenic lines are crossed, mid is post-transcriptionally silenced in 
the developing eye of the progeny.  
Immunofluorescence Studies 
After hatching, adult flies were maintained at 25 ˚C. Flies were fed standard fly 
food with the addition of yeast paste for three days [76]. Ovaries were dissected from 
developmentally staged three-day old adult flies in cold phosphate buffered saline (PBS) 
and fixed as described previously (Lin and Spradling, 1993). Fixation was followed by 
four washes of PBS containing 0.2% of Triton-X and 1% Bovine Serum Abumin (BSA) 
for 15 min at 25˚C.  
We used the following primary antibodies at the indicated dilutions for this study: 
rat anti-Bab-2 (1:4000; [57], rabbit anti-Mid (1:800; [5], and mouse anti-Myc (1:50; 
Santa Cruz Biotechnology, Inc.). 4',6-diamidino-2-phenylindole (DAPI) (1 µg/ml in PBS 
with 0.1% Triton-x) was used to detect the nucleus. We also used Alexafluor 405, 488, 
594, and 633 secondary antibodies with appropriate species specificity for 
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immunofluorescent labeling (Molecular Probes). Immunolabeled tissue was mounted in 
50% 1,4-Diazabicyclo [2.2.2] octane (DABCO).  Formaldehyde was purchased from 
Fischer Chemicals. 
5- Bromo-2’- deoxyuridine (BrdU) proliferation assay 
5-Bromo-2′-deoxyuridine (BrdU) is often used to label and fate-map dividing 
cells in the stem cell biology field [77]. BrdU is a synthetic nucleoside. During the S 
phase of cellular division, it acts as an analog of thymidine, and as such incorporates in 
the DNA of replicative, active cells. Immunochemistry allows targeting of BrdU with 
specific antibodies, (anti –BrdUs), and therefore, can measure overall cellular 
proliferation within a tissue.  
For the purpose of this study, BrdU proliferation assays were preformed prior to 
fixation. We used 5-Bromouridine (Sigma-Aldrich, Co.) and anti-BrdU-c 
(Developmental Studies Hybridoma Bank at The University of Iowa). The proliferation 
assay protocol was modified from that reported by Chang et al. [78] and Ohtsu et al. [79] 
[80]. Ovaries were dissected in testis buffer 1 (TB1) (15mM HEPES, pH 6.8, 80 mM KCl, 
16 mM NaCl, 5 mM MgCl2, 1% PEG) and treated with a mixture of BrdU (100 mM) and 
DOTAP (0.2 mg/ml) (Roche Molecular Bio) for 1hr. The DOTAP chemical typically 
serves as a liposomal transfection reagent for the highly efficient transfection of 
negatively charged molecules into eukaryotic cells. DOTAP treatment was followed by 
three washes for 5 minutes each with TB1. Ovaries were fixed as discussed previously 
and processed for immunofluorescence. They were stained with a primary anti-
bromodeoxyuridine (BrdU) mouse monoclonal antibody [2 mg/ml, in BTP (PBS- T 0.1%, 
BSA 0.5%)] for 1 hr. 
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Confocal Scanning Microscopy 
Immunolabelled tissue was scanned by a Zeiss LSM510 META confocal 
microscope. The confocal images were analyzed using the accompanying Zeiss LSM 
Image Browser software (Release 4.2) and ICY software by de Chaumont, F. et al. (2012; 
icy.bioimageanalysis.org). All labeled tissue was scanned using appropriately labeled 
controls, which served to set up values for the pinhole, the power of the laser, and 
wavelength intensity. In addition, the mean signal intensities in pixels emitted by the 
immunofluorescent probes were recorded using a region of interest (ROI) statistical 
analysis. The confocal images were generated using Z-stack series comprised of 1µm 
sections. 
Statistical Analysis 
The adult ovaries were dissected and a series of light microscope images were 
collected along 1-5 focal planes and digitally recorded using a Leica DFC camera. The 
images were then flattened to create a final montage using Leica Application Suit V3 
program. Using the Leica DFC camera, fully developed eggs were viewed, counted, and 
the counting results (data) were recorded with a Microsoft Excel spreadsheet. Images 
generated by Leica Application Suit V3 program were opened with Image J (NIH) 
program. The mm to pixels conversion in Image J program was accomplished using a 
scale that was generated with the images. The ovarian area was measured in mm². The 
area measurement was followed by counting the fully developed eggs within the ovary. 
Ten to fifteen independent replicants were collected for each phenotype and statistically 
analyzed using Analysis of Co-Variance (ANCOVA.) In the ANCOVA model the “Egg 
Count” was placed on the y-axis as a continuous variable. The Ovarian Area (mm2) was 
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placed on the x-axis, also as a continuous variable. Each genotype was defined as a factor 
with eight different levels corresponding to either LOF or GOF genotypes. 
Statistical analysis was also used to quantify the BrdU assay data. Six randomly 
chosen germaria of each genotype were scanned using confocal microscopy. The final 
images represent montages assembled from ten 1µm Z-stacks. The proliferative activity 
was determined using ICY software. We marked the high-intensity spots against the low-
intensity background using a corresponding pixel-marker. To account for the variance 
detected between different ROI areas, we chose to implement the ANCOVA statistical 
method to measure the proliferative activity in correlation with the respective ROI area. 
The possible interaction between each genotype and ROI area was determined. All 
statistical analyses were accomplished using JMP 11 software (SAS).  
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CHAPTER IV 
RESULTS 
mid LOF and gain-of-function mutants driven with the bab-1-GAL4 driver result in a 
high mortality rate 
In order to assay the potential mid and bab-1 interaction, we induced mid LOF 
and GOF studies mutants utilizing the UAS-GAL4 system [74] (see Methods). We used 
two different mid-RNAi lines, each provided by Dr. Rolf Bodmer to generate a perpetual 
stock of UAS-mid-RNAi/Cyo;GMR-GAL4/TM2 (mid-RNAi) flies. The latter mid-RNAi 
line was used to provide a mid mutant sensitized background to undertake modifier 
screens [8] [10]. To achieve mid LOF and GOF, we used two different bab-1-GAL4 
driver lines: bab-1-GAL4-1 (BSC 6803) and bab-1-GAL4-2 (BSC 6802). Previously, 
these bab-1-GAL4 driver lines were successfully used in numerous studies involving the 
nervous system [81], Notch signaling, proximodistal patterning of the leg and antenna 
[82], germline stem cell niches [83], actin structure specialization [84], Hh signaling, and 
follicle stem cell proliferation [85]. 
In addition to mid LOF and gain-of function studies, we included myc GOF and 
emc LOF and GOF studies. Myc is a multifunctional nuclear phosphoprotein that plays a 
role in cell cycle progression. The Leal lab carried out a modifier screen that identified 
bab-1 as a potential mid-interacting gene. Data gathered by the Leal lab suggested that 
bab-1 may function downstream of Notch (unpublished). Alternatively, bab-1 may 
function downstream of Insulin receptor signaling [10].    
In common with myc, emc has an established role in regulating cell proliferation 
by interacting with the EGFR during wing disc development [86]. The other genotypes 
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from representative crosses include controls that lack the transgenes required for LOF 
and GOF mutations.   
We crossed mid-RNAi and bab-1-GAL4-1 (BSC 6803) driver lines. This cross 
yielded 96 flies providing an expected frequency of 16.7% for both mid-RNAi/bab-1-
GAL4-1 and mid-RNAi/bab-1-GAL4-1; GMR-GAL4 genotypes. As a result, merely 4.2% 
of the progeny demonstrated the mid-RNAi/bab-1-GAL4-1 genotype. Moreover, 2.1% of 
the progeny demonstrated the mid-RNAi/bab-1-GAL4-1; GMR-GAL4 genotype. The 
mortality rate was calculated using the following formula: [(1-#observed 
genotype/#expected genotype)*100]. The mid-RNAi/bab-1-GAL4-1 yielded a mortality 
rate of 75%, while the mid-RNAi/bab-1-GAL4-1; GMR-GAL4 genotype yielded a 
mortality rate of 87.5%.  
To exclude potential off-target effects of the GMR-GAL4 driver line, as well as to 
determine whether the high mortality was induced by the bab-1-GAL4-1 (BSC 6803) 
driver line itself, we decided to repeat these studies using the original GMR-GAL4-driver. 
Therefore two additional crosses were generated: UAS mid-RNAi x bab-1-GAL4-1 (BSC 
6803) and UAS-mid-RNAi x bab-1-GAL4-2 (BSC 6802).  
The mid-RNAi x bab-1-GAL4-1 (BSC 6803) progeny yielded 73 flies. Also, the 
expected frequency of the mid-RNAi/bab-1-GAL-1 genotype was 50%. Nevertheless, all 
mid-RNAi/bab-1-GAL-1 flies perished.  
The mid-RNAi x bab-1-GAL4-2 (BSC 6802) genotype yielded 116 flies. As before, 
the expected frequency for the mid-RNAi/bab-1-GAL4-2 genotype was 50%. Furthermore, 
the observed genotype was also zero yielding a mortality rate of 100%.  
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We also undertook reciprocal functional analyses. A mid GOF mutation was 
generated using the UAS-mid and bab-1-GAL4-2 (BSC 6802) driver line. As shown 
(Table 2), the cross yielded 94 UAS-mid/bab-1-GAL4-2 (BSC 6802) progeny with an 
expected frequency of 50% for the UAS-mid/bab-1-GAL4-2 genotype. However, we did 
not observe any UAS-mid/bab-1-GAL4-2 genotype among the progeny; this showed a 
mortality rate of 100%.  
The low mortality rates of myc GOF and emc LOF and GOF as representative 
comparisons (30%, 3.5% and 37.5%, respectively) confirm that simultaneous Mid and 
Bab-1 expression levels are essential for fly development.  
  
2
5
 
Table 2 
mid LOF and GOF studies achieved by the bab-1-GAL4 driver-line 
Progeny genotype #overall cross progeny 
#expected 
genotype 
progeny 
#observed 
genotype 
progeny 
% mortality rate 
mid-RNAi/bab-1-GAL4-1 
mid-RNAi/bab-1-GAL4-1;GMR-GAL4 
mid-RNAi-2/bab-1-GAL4-1 
96 16.7% 4.2% 75% 
96 16.7% 2.1% 87.5% 
73 50% 0% 100% 
mid-RNAi-2/bab-1-GAL4-2 116 50% 0% 100% 
UAS-mid/bab-1-GAL4-2 94 50% 0% 100% 
UAS-myc/bab-1-GAL4-2 20 50% 35% 30% 
UAS-emc-RNAi/bab-1-GAL4-2 58 50% 44% 3.5% 
UAS-emc/bab-1-GAL4-2 51 12.5% 7.8% 37.3% 
Note. Progeny genotype shows only progeny that inherited both part of UAS-GAL4 system (See Methods). The second column lists the number of overall progeny including flies that did or did not 
inherit either transgene of the UAS-GAL4 system. The third column lists the expectancy rates. The fourth column shows observed the (actual) rates. The last column shows the calculated mortality rates 
(1- observed genotype progeny/expected genotype progeny*100).
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Mid, H15, and Bab-2 are predominantly expressed in a mutually exclusive manner within 
the 3°L antennal disc 
After mid LOF and GOF studies, we examined the expression pattern of Mid, 
H15, and Bab-2 within the eye-antennal imaginal disc. Our experiments were influenced 
by Das et al. (2013) studies. In these studies Mid was identified as a member of the 
Notch-Delta signaling pathway and played a significant role in mediating cell fate 
specification and regulating cell survival within the eye imaginal disc. Currently, we have 
identified Mid expression within the antennal disc. In addition, the Baanannou et al. 
(2013) study reported Bab-2 expression within the antennal disc. In the antennal disc, 
Distal-less (Dll) and Rotund (Rn) collaborate with leg-and-antennal-enhancer (LAE), a 
cis-regulatory module (CMR), to activate the expression of Bab-2. Both eye and antennal 
discs share EGFR and Notch signaling until the second-instar larvae stage. By the 3°L 
stage, Dll is ubiquitously expressed throughout the discs until the eye and antennal discs 
assume different fates.  
Previous studies identified the essential role of Bab-2 within the antennal disc. 
The expression of Bab-2 forms concentric rings within the antennal disc in order to 
establish the proper proximal-distal differentiation. A study by Carrera et al. (2008) 
reported H15 activation by Wg within a similar concentric ring pattern within the leg disc 
in addition to Dll. We are the first to show a distinct concentric pattern of Mid and H15 
protein expression in addition to the known Bab-2 concentric expression within 3oL 
antennal discs. Also, we report that Mid, H15, and Bab-2 show a partially overlapping 
expression pattern (Figure 4: A4-B4).  
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Figure 4. Mid, H15 and Bab2 exhibit a predominantly concentric expression pattern in 
3°L antennal disc. Confocal images of a 3°L wild-type antennal disc co-immunolabelled 
with anti-Mid (blue; A, A’), anti-H15 (green; B, B’) and anti-Bab-2 (red; C, C’) antisera. 
(A-D) Original images with a dark background. (A’-D’) Confocal images with a dark 
background removed. Through the concentric expression, Bab-2 (C, C’) acts as a 
morphogen to establish proximo-distal differentiation. Mid (A, A’) and H15 (B, B’) are 
expressed within Bab2-concentric ring in mutual exclusive manner.  
Mid and Bab-2 exhibit a non-overlapping expression within 3° L salivary glands 
In an attempt to characterize the expression patterns of Mid, H15, and Bab-2, we 
examined the salivary glands of Drosophila melanogaster. Previously, Cabrera et al. 
(2002) performed a beta-galactosidase assay to characterize the GAL4 expression pattern 
for the bab-1-GAL4-1 and bab-1-GAL4-2 driver lines [87]. Salivary glands exhibited 
beta-galactosidase immunofluorescent signaling due to the bab-1-GAL4 driver. 
Furthermore, several other studies have shown that Drosophila salivary glands send 
mitogenic signals to the eye imaginal disc to initiate cellular proliferation [88]. Therefore, 
we performed immunofluorescence studies within Drosophila salivary glands 
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immunostaining for anti-Mid (blue; Figure 5), anti-H15 (green, Figure 5) and anti-Bab-2 
(red; Figure 5) antibodies. Our immunofluorescence data reveal low or a non-existent 
area of Mid and Bab-2 co-localization within the nuclei of salivary glands (B, Figure 5). 
Conversely, Bab-2 and H15 co-localize in distinct regions of the glands. Finally, we 
detect Mid expression within subnuclear areas surrounded by Bab-2 expression. 
Therefore, we conclude that Mid and Bab-2 exhibit a non-overlapping expression within 
nuclei.  
 
Figure 5. Mid and Bab-2 exhibit a non-overlapping expression within 3° L salivary 
glands. Confocal images of 3°L wild-type salivary glands co-immunolabelled with anti-
Mid (blue; A-E; column 1), anti-H15 (green; B-F; column 2) and anti-Bab-2 (red; C-G; 
column 3) antisera. Column 4 presents the merge of anti-Mid, anti-H15 and anti-Bab2 
antisera. Row 1 (A-D) and Row 2 (A’D’) show several salivary gland cells. (A-D; E-H) 
Confocal images have original dark background. (A’-D’) Original dark background is 
removed. Row 3 (E-H) shows enlarged nucleus of a salivary gland cell. Mid and Bab-2 
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exhibit a non-overlapping expression within nuclei. Conversely, H15 and Bab-2 exhibit 
an overlapping expression pattern within the nuclei.  
The expression patterns of Mid, Bab and Myc during oogenesis 
Due to a lack of Bab-1 antibody, the transgenic bab-1-GFP line was used to 
visualize the Bab-1 expression pattern within the stem cell niches of the germarium (A, 
Figure 6) and within the egg chambers (data not shown). Oregon-R (OR) ovaries were 
used as wild-type (WT) controls. In addition to the immunofluorescence (see Methods), 
we quantified the signal intensity of channels (Figure 6). A mean intensity of channels 
and the standard deviation (SD) of the mean are graphed for a given region of interest 
(ROI). Additionally, we analyzed the expression pattern of Bab-1, Bab-2, Mid, and dMyc 
within the germarium using the Pearson R and Cross-correlation statistical methods. In 
Figure 6, cross-correlation 1 refers to the bab-1-GFP-pattern of expression in comparison 
to (A) Bab-2 and (C) Myc. The Mid-pattern of expression is compared to (B) Bab-2. 
Cross correlation 2 refers to the Bab-2 expression pattern compared to (A) Bab-1-GFP, 
(B) Mid, and (C) Myc.  
Analysis of bab-1-GFP and Bab-2 pattern of expression (A, Figure 6) yielded a 
Pearson R of 0.96 that indicates a very strong positive correlation between Bab-1 and 
Bab-2 within the germarium. This relationship was expected [57]. bab-1-GFP 
mathematically fits the pattern of Bab-2 expression by 0.86 (cross-correlation 1) and 
Bab-2 fits the pattern of bab-1-GFP by 1.06 (cross-correlation 2), both indicating a high 
co-localization pattern of bab-1-GFP and Bab-2 within the germarium. Confocal imaging 
also revealed that both bab-1-GFP and Bab-2 are co-expressed within caps cells (CC) 
and the FSC niche. We also detect Bab-2 expression within the escort cells (Figure 6).  
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Analysis of the Mid and Bab-2 expression pattern (B, Fig.2) yielded a Pearson R 
value of 0.77 that indicates a strong positive correlation between Mid and Bab-2 
expression within the germarium. However, the cross-correlation reveals much less co-
expression of Mid and Bab-2 in agreement with the actual data phenotypes (B; Figure 6). 
Unlike Bab-2, Mid is slightly expressed within GSC niche. Conversely, Bab-2 is 
abundantly expressed within the terminal filament, cap, and escort cells of the GSC niche 
(B, Figure 6). Confocal imaging also revealed that both Mid and Bab-2 are expressed 
within the FSC niche. During later stages of oogenesis Bab-2 expression becomes more 
restricted within the polar cells and the posterior region of the oocyte (Figure 7; Figure 8; 
Figure 9). This pattern of expression mimics the pattern of Unpaired (Upd) as reported by 
Torres et al. (2003). Upd is activated in the polar cells by the Notch-Delta signaling 
pathway leading towards negative feedback activation of JNK-STAT signaling pathway 
and establishing the anterior-posterior axis polarity.  
Mid and its paralog H15 are detected mostly in follicle cells (Figure 8; Figure 9). 
Additionally, we confirm the expression of Mid and H15 in the posterior follicle cells 
during stage 10 of oogenesis (Figure 9).  
Analysis of the bab-1-GFP and dMyc pattern of expression (C, Figure 6) yielded 
a Pearson R value of 0.92. This shows a very strong positive correlation between Bab-1 
and dMyc within the germarium. The bab-1-GFP reporter gene is co-expressed with 
dMyc and cross-correlation studies yields values of 0.79 (cross-correlation 1) and 1.07 
(cross-correlation 2) to confirm this. Confocal imaging revealed that both bab-1-GFP and 
Myc are expressed within the caps cells, terminal filament, and FSC niche.  
  
Figure 6. The expression patterns of 
germarium. Confocal image
ovaries co-immunolabelled with anti
(red; C; inverted (inv)-light blue
Nuclei are stained with DAPI (blue; inv
channels is graphed. Pearson R and Cross
image. Column 4 presents the merge of anti
Confocal imaging revealed that both Bab
terminal filament (TF), caps cells (CC) and the FSC niche. We also detect Bab
expression within the escort cells. (B) Mid and Bab
(C) Bab-1-GFP is co-expressed with dMyc. 
 
Bab-1-GFP, Bab-2, Mid and dMyc within the 
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-red). On the right side, ROI mean intensity of 
-correlation values are corresponding to each 
-Mid, anti-H15 and anti-Bab2 antisera. 
-1-GFP and Bab-2 are co-expressed within 
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Figure 7. During the later stages of oogenesis Bab-2 expression becomes more restricted 
within the polar cells and posterior region of oocyte. Confocal image of three-day old 
Oregon-R ovary co-immunolabelled with anti-Bab2 (red) antisera and DAPI. The third 
column presents merge of DAPI and anti-Bab2. The black and white arrows, respectively, 
show the area of Bab-2 expression within polar cells. Bab2 pattern of expression mimics 
the pattern of Unpaired as reported by Torres et al. (2003) and the area of anterior-
posterior polarization region.  
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Figure 8. The expression pattern of H15 and Bab-2 during oogenesis. Confocal image of 
three-day old Oregon-R ovary co-immunolabelled with anti-H15 (green) and anti-Bab2 
(red) antisera. The levels of H15 are increasing through the oogenesis. H15 and Bab2 co-
express in the most posterior polar cells.   
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Figure 9. The model of anterior-posterior polarization based on the Fregoso-Lomas et al. 
(2013) study.  Confocal images of three-day old Oregon-R ovary co-immunolabelled 
with anti-Mid (green), anti-H15 (blue) and anti-Bab2 (red) antisera. The upper row shows 
posterior follicle cells during stage 10 of oogenesis. Mid (green) and H15 (blue) are 
found mostly within the posterior follicle cells as predicted by Fregoso-Lomas et al. 
(2013). We discovered Bab-2 (red) fits the expression pattern of Mid-H15 refractory 
region. Below is our proposal speculating the mechanisms by which Mid, H15 and Bab2 
regulate anterior-posterior polarization.   
dpp LOF and GOF studies result in changes of Mid and Bab-2 expression during earlier 
stages of oogenesis 
Decapentaplegic (Dpp) is well-known Drosophila morphogen involved in the 
regulation of ovarian GSCs fate, proliferation, and the maintenance of the germarium of 
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adult flies [89] [44]. During Drosophila development, Dpp is essential for proper 
patterning. Furthermore, the elevated levels of Dpp expression sustain piwi-mutant 
tumors of GSCs [90]. Therefore, dpp was the first gene candidate to test whether bab-1 
and mid play a role within a known network regulating ovarian signaling.   
We undertook dpp LOF and GOF studies using the nos-GAL4 germline driver. 
Oregon-R flies were used as a control. Below (Figure 10), we show the summary of our 
data that include the germarium (Figure 10; A, C, E) and stage5/6 of oogenesis (Figure 
10; B, D, F).   
In comparison to the control (Figure 10; A, B), the UAS-dpp/nos-GAL4 ovary 
(Figure 10; C, D) resulted in decreased Mid levels, especially during intermediate stages 
of oogenesis where Mid levels were previously detected (Figure 10; D) [2]. Conversely, 
there were not many changes in the levels of Bab-2 expression. However, Bab-2 
expression was more directed through the escort and dorsal follicle cells (Figure 10; D). 
During the later stages of oogenesis, Bab-2 expression is detected within the polar cells 
and posterior area of oocyte (Figure 10; D).  
Low levels of Dpp achieved by the dpp-RNAi/nos-GAL4 genotype showed the 
opposite effect. The levels of Mid are abundant within the germarium and stage 5 egg 
chamber (Figure 10; E, F). Conversely, the levels of Bab-2 are restricted within the more 
anterior area of germarium, thereby, failing to achieve the characteristic expression 
within the polar cells or posterior of oocyte (Figure 10; E, F).  
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Figure 10. dpp LOF and GOF studies result in changes of Bab-2 and Mid expression 
pattern. Confocal images of dpp LOF and GOF germaria (A1-A4; C1-C4; E1-E4) and 
stage 5/6 of oogenesis (B1-B4; D1-D4; F1-F4) co-immunolabelled with anti-Mid (green), 
and anti-Bab2 (red) antisera. DAPI (blue) was used to stain the nuclei. (A-B) Oregon-R 
was used for the control. (C-D) UAS-dpp/nos-GAL4 results in a decrease of Mid 
expression levels (D2) and a more-marginal expression pattern of Bab-2 (C3). dpp-
RNAi/nos-GAL4 results in the abundance of Mid expression (E2-F2) and the anterior 
constraints of Bab-2 expression (E3-F3).  
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smo-, bab-1- and bab-2- LOF studies reveal a misregulation of Bab-2 expression within 
the polar cells. 
Within the Drosophila ovarian GSC niche, smo functions downstream of the hh 
pathway [89]. Hh is expressed within the terminal filament. By binding to the Patched 
(Ptc) extracellular domain in the cap cells, Hh antagonizes Ptc and as a consequence, 
Smo can be expressed and targeted to nearby escort cells. As the result, the escort cells 
will express Dpp and Glass Bottom Boat (Gbb).  
Figure 11 shows the results of Mid and Bab-2 expression in the smo-RNAi/nos-
GAL4 (C-D), TRiPbab-1/bab-1-GAL4 (E-F), and TRiPbab-2/bab-1-GAL4 genotypes (G-
H). Contrary to expectations, Bab-2 exhibited a moderate level of expression during stage 
5 of oogenesis (H3, Figure 11). Interestingly, the smo-RNAi condition failed to express 
Bab-2 in escort cells and polar cells (C-D, Figure 11). This result indicates that either 
bab-2 is upregulated by Hh or alternatively, Bab2 requires Dpp since Hh-deprived escort 
cells do not express Dpp [89].  
Moreover, lower expression of Bab-1 resulted in high expression of Mid and low 
expression of Bab-2 (E-F, Figure 11). This result indicates that within the GSC niche 
both mid and bab-2 likely depend on bab-1 activity. While it seems Bab-1 is necessary to 
enhance Bab-2 expression, it also antagonizes Mid expression.  
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Figure 11. smo-, bab-1- and bab-2 LOF studies reveal a misregulation of Bab-2 
expression within the polar cells.  Confocal images of smo-, bab-1- and bab-2 LOF and 
GOF germaria (A1-A4; C1-C4; E1-E4; G1-G4) and stage 5/6 of oogenesis (B1-B4; D1-
D4; F1-F4; H1-H4) co-immunolabelled with anti-Mid (green), and anti-Bab-2 (red) 
antisera. DAPI (blue) was used to stain the nuclei. The nucleus was labeled using DAPI. 
(A-B) Oregon-R is used for the control. (C-D) smo-RNAi/nos-GAL4 genotype shows 
smo-expression is necessary for Bab-2 expression within the escort cells around GSCs 
niche and polar cells. (E-F) Low levels of Bab-1 result in the high levels of Mid (E2-F2) 
indicating Bab-1 acts as an antagonist of Mid expression. (G-H) The bab-2-RNAi 
condition resulted in misregulated levels of Mid, but with conflicting results (H2). Also, 
we observed its expression in the posterior area of the oocyte.  
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mid LOF conditions result lead to increased dMyc expression 
Cai et al. 2005 [9] established a role for Tbx20 in regulating N-myc-1 expression. 
Therefore, we carried out mid LOF studies to determine whether myc levels would 
change. The mid LOF study was achieved by crossing the TRiP-mid-line to two different 
nos-GAL4 germline driver lines. The ‘TRiP’ refers to the "VALIUM series" (Vermilion-
AttB-Loxp-Intron-UAS-MCS) of vectors used to introduce short hairpin microRNAi into 
the Drosophila genome [91] [92]. Additionally, we used the bab-1-GAL4 line to 
overexpress myc. According to the literature and our previous data (Figure 11), both nos 
and bab-1 should drive the expression of GAL4 within the ovarian GSC niche [87]. 
However, as previously mentioned, the bab-1-GAL4 line has a more ubiquitous effect 
while the nos-GAL4-lines drive the expression within the germline.  
An additional rationale for this experiment is based on a study by Ren et al. 
(2013) that identified dMyc, the Drosophila homolog of the oncoprotein Myc, as an 
effector of EGFR and JNK-STAT pathways that regulate ISC proliferation. According to 
the Ren et al. (2013) study, dMyc is essential for accelerated ISC proliferation and 
midgut regeneration.  
Figure 12 summarizes our data in which the germaria of Oregon-R control (A) 
and TRiP-mid/nos-GAL4 (C; D) and UAS-myc/bab-1-GAL4 (B) transgenic germaria are 
immunolabelled with anti-Myc (green) and labeled with DAPI (inverted-red) as discussed 
within the methodology section. Compared to the OR control both myc GOF and mid 
LOF show similar phenotypes in which d-Myc is overexpressed. Thus, we report that 
myc GOF and mid LOF studies result in significantly higher dMyc expression levels.   
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It is important to note that under mid LOF conditions, the Myc pattern of 
overexpression is detected within follicle cells of the early egg chamber (Figure 12, C). 
Previously, we established that this is the precise pattern of Mid expression within WT 
flies (Figure 12). In Figure 12 (D) we observe dMyc being overexpressed in the cap cells 
(*), escort cells (**), and in the follicle cells within the posterior-most part of the 
germarium. The high levels of Myc achieved using the bab-1-GAL4 driver lines resulted 
in higher expression throughout the germarium and within the early egg chamber (Figure 
12; B). Similar changes in the myc pattern of expression were not observed under bab-2 
LOF conditions (data not shown).  
Based on these data, we present the quantification of ROI mean intensities for 
both anti-Myc and DAPI channels in Figure 12.  
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Figure 12. mid LOF conditions lead to increased dMyc expression. Confocal image of 
myc GOF and mid LOF germarium co-immunolabelled with anti-Myc (green) antisera. 
DAPI (inv-red) was used to stain the nuclei. (A) Oregon-R flies were used for control. 
(B) High levels of dMyc expression in the dmyc GOF mutant.  (C-D) mid LOF studies 
exhibit similar levels of dMyc expression like myc GOF studies. The dMyc pattern of 
expression under mid-RNAi conditions corresponds with the Mid expression pattern 
detected in the ovarian follicle cells of the wild-type flies (Figure 10/11). 
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Table 3 
Statistical analysis of proliferative data 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 78.418911 33.17363 2.36 0.0278* 
Area 0.0212621 0.014863 1.43 0.1673 
mid-RNAi/nos-GAL4 29.514054 29.7222 0.99 0.3320 
ptc-GAL4-control -39.9148 74.73558 -0.53 0.5989 
Oregon-R 27.26738 19.57011 -1.39 0.1781 
TRiP-bab-1/nos-GAL4 26.95574 19.88745 -1.36 0.1897 
TRiP-bab-2/nos-GAL4 47.856638 19.329 2.48 0.0219* 
TRiP-bab-2/ptc-GAL4 15.696832 20.05297 0.78 0.4425 
mid-RNAi/nos-GAL4]*(Area-2820.84) 0.001084 0.033792 -0.03 0.9747 
ptc-GAL4-control*(Area-2820.84) 0.038874 0.07019 -0.55 0.5855 
Oregon-R*(Area-2820.84) 0.01476 0.022138 -0.67 0.5122 
TRiP-bab-1/nos-GAL4*(Area-2820.84) 0.003616 0.019511 -0.19 0.8547 
TRiP-bab-2/nos-GAL4*(Area-2820.84) 0.075227 0.031307 2.40 0.0256* 
TRiP-bab-2/ptc-GAL4*(Area-2820.84) 0.0108685 0.019017 0.57 0.5737 
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Table 3 (continued). 
Note. This table contains tested genotypes under ‘TERM’, p-values of co-variance, p-values of genotype*area interaction, and least square means for specific genotype. The significant p-values are 
labeled red. 
Level Least Sq Mean Std Error Mean 
mid-RNAi/nos-GAL4 167.90997 30.922634 155.000 
ptc-GAL4-control 98.48112 86.827453 116.500 
Oregon-R 111.12854 15.988146 108.286 
TRiP-bab-1/nos-GAL4 111.44017 16.527287 120.500 
TRiP-bab-2/nos-GAL4 186.25255 15.572114 202.000 
TRiP-bab-2/ptc-GAL4 154.09275 16.804956 173.000 
UAS-mid/nos-GAL4 139.46631 16.457500 140.200 
44 
 
 
 
Figure 13. TRiP-bab-2/nos-GAL4 shows a significant number of proliferative cells per 
region of interest (ROI) area (um2 within the germarium. Confocal images of (A) Oregon-
R, (B) mid-RNAi/nos-GAL4, (C) UAS-mid/nos-GAL4, (D) TRiP-bab-1/nos-GAL4, (E) 
ptc-GAL4-control, (F) TRiP-bab-2/ptc-GAL4 and (G) TRiP-bab-2/nos-GAL4 germarium 
immunolabelled with anti-BrdU (red) antisera. The graph shows the summary of 
ANCOVA proliferation studies (Proliferative Cell Count) in correlation with the ROI 
area. The bar graph shows Least Mean Square and standard error (Std. Error). The graph 
and bar graph legend on the right matches genotypes with the individual graph markers, 
bar markers and fit line color. The color within the confocal images (A-G) corresponds 
with the color of the graph markers, bar markers and fit lines. A genotype with significant 
Least Mean Square is marked with star (*).The bab-2-RNAi conditions driven by the 
germline GAL4 driver yield significantly more proliferation per ROI area.  
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Bab-2 negatively regulates cellular proliferation within the germline 
Based upon the previously established roles of bab and mid during early and late 
oogenesis, respectively [43] [2], we hypothesized that bab and mid GOF and LOF studies 
would lead towards significant changes in the cellular proliferation rate within adult 
Drosophila ovaries. Furthermore, our immunofluorescence studies place bab within the 
GSC niche (Figure 6).  
Therefore, in order to establish how bab and mid affect proliferation within the 
adult Drosophila ovaries, we generated bab-1-, bab-2- and mid- RNAi conditions. 
Additionally, we included mid GOF studies. We perform the BrdU proliferation assay for 
one hour using three-day old Drosophila ovaries. However, most of the LOF and GOF 
studies were generated using the nos-GAL4 germline-specific drivers, with the exception 
of the bab-2-RNAi condition that was achieved using the ptc-GAL4 driver line. Thus, all 
of the following data are based strictly on the proliferative cells marked by BrdU staining. 
In addition to the quantification of proliferation, we also decided to measure the area for 
two reasons: 1) to validate additional observed variance through statistical analyses and 
2) to establish whether the specific LOF or GOF conditions affect the size of the ovarian 
ROI. Before our data were processed with ANCOVA statistical analyses, we verified that 
the data population was normally distributed and exhibited equal variances. Using 
Shapiro-Wilk and the Bartlett’s test for unequal variances, respectively, we confirmed the 
data population assumptions and proceeded towards statistical analyses.  
Becoming familiar with the novel role of mid within the regulation of the ovarian 
EGFR pathway [2] and the mid-upregulation of d-Myc expression levels (Figure 12), we 
predicted that mid-RNAi conditions would yield more proliferative cells per ROI area. 
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Based on the predicted, antagonistic role of bab-1 in regard to mid, we also hypothesized 
that bab-1-RNAi conditions would yield the same proliferative phenotype we would 
observe under mid GOF conditions.  
Our immunofluorescence studies revealed that in antennal discs (Figure 4) and the 
salivary gland (Figure 4) tissues that both Bab-2 and Mid exhibit distinct patterns of 
expression, co-localizing mostly within minor areas.  Moreover, Mid and Bab-2 exhibited 
expression patterns during most of oogenesis. We detected Mid within the posterior-most 
area of the germarium and within the follicle cells of developing egg chambers. The Bab-
2 expression pattern is detected within the anterior of the germarium and distinctly within 
the egg chamber polar cells that are surrounded by posterior follicle cells. This 
observation led us to postulate that these two proteins serve different roles within adult 
Drosophila ovaries. Therefore, we further hypothesized that bab-2 would exhibit an 
opposite role from that of mid in regulating cellular proliferation.  
Using an alpha value of 0.05, our ANCOVA model unexpectedly yielded a 
significantly different p-value of 0.0219 for bab-2-RNAi conditions achieved by the 
germline driver line. Additionally, the interaction between bab-2-RNAi/nos-GAL4 and 
ROI area also yielded a significant p-value of 0.0256 (Table 3) leading us to conclude 
that bab-2 has a significant impact on cellular proliferation and measure area within the 
germarium. In comparison to the other genotypes, the bab-2-RNAi condition has the 
greatest ‘least square mean’ revealing it yields significantly higher proliferation per the 
ROI area of three-day old flies.  
In addition to the nos-GAL4 driver, we also used the somatic ptc-GAL4 driver to 
induce bab-2-RNAi conditions. While in the germline, bab-2-RNAi conditions yield a 
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significant increase in proliferation. However, the bab-2-RNAi driven by ptc-GAL4 does 
not have significant effect.  Therefore, we concluded that bab-2 acts as a negative 
regulator of cellular proliferation within the germline.   
Our mid GOF and LOF studies failed to show significant upregulation of 
proliferation per ROI area within the germarium. However, in comparison to controls, 
mid-RNAi conditions yielded a greater ‘least mean square’ indicating mid may affect 
cellular proliferation earlier than it was reported by Fregoso-Lomas et al. [2]. In addition, 
mid GOF studies yielded a ‘least square mean’ lower than mid LOF conditions, but still 
greater than both of the controls. Moreover, we observe a negative slope of the line 
representing Mid overexpression (Figure 13). Also, the comparison of mid GOF and LOF 
phenotypes (Figure 13) reveals that the mid-RNAi conditions exhibit higher proliferation. 
Furthermore, bab-1-RNAi conditions also fail to yield significant different p-values and 
the least square mean. In comparison to the mid GOF studies represented by the fit line 
(Figure 13), the loss of bab-1 function results in decreased proliferation with an increase 
in the ROI area.  Nevertheless, the role of mid and bab-1 in the regulation of cellular 
proliferation within the germarium cannot be considered significant. However, it supports 
the [2] claim that mid assumes the role of EGFR negative repressor later on during 
oogenesis.  
Statistical analysis reveals a significant impact of bab-1, bab-2, mid and dpp LOF 
studies on the number of mature eggs in three-day old flies 
The crosstalk between the EGFR pathway and the Drosophila growth hormone 
ecydsone has been known to regulate the maturation and growth of egg chambers 
throughout oogenesis, eventually leading towards a fully mature, viable egg [93]. More 
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novel studies [2] support the identification of the BTB-POZ domain protein Broad 
Complex (Br) as one of the key regulators of ectopic dorsal anterior fates [93].  The 
significant role of Br in regulation of the dorsal-anterior fate is observed closely with Mid 
and H15 regulating EGFR pathway [2]. Previous studies have also indicated the common 
involvement of ecydsone and bab in morphogenesis and proliferation of terminal 
filament cells during the 3°L stage [43]. To determine whether mid and bab affect the 
production of mature eggs as potential regulators of ecydsone/EGFR crosstalk, we have 
utilized the ANCOVA model analysis. However, before we could proceed with our 
statistical analysis of choice, we had to verify the ANCOVA-required assumptions (see 
previous section). We confirmed both assumptions by performing Shapiro-Wilk and 
Bartlett’s test for unequal variances, respectively. Once the assumptions were verified, 
we proceeded towards the ANCOVA analysis.  
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Figure 14. Statistical analysis reveals a significant impact of bab-1, bab-2, mid and dpp 
LOF studies on the number of mature eggs in three-day old flies. Graphical 
representation of several LOF studies with Egg Count plotted on the y-axis and Ovarian 
Area on the x-axis. The bar graph shows Least Mean Square and the standard error (Std 
Error). The legend with LOF genotypes is shown on the right. Every genotype 
corresponds to a different fit line within the graph, and the bar within the bar graph. The 
genotype is distinguished by the adjoined color of their graph and bar marker within the 
graph and legend.  A genotype with significantly different Least Mean Square is marked 
with star (*). The bab-1-, bab-2-, mid- and dpp- LOF studies yielded a significantly 
different number of mature eggs per area than corresponding Oregon-R, smo-RNAi-
control, and nos-GAL4-control. The p-values for all genotypes are listed in Table 4.  
  
50 
 
 
Table 4 
The summary of ‘Egg count vs. Ovarian area’ statistical analysis  
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 3.685095 1.476805 2.50 0.0138* 
Ov. Area mm2 13.499113 1.710303 7.89 <.0001* 
mid-RNAi/nos-GAL4-1 7.6543907 0.787859 9.72 <.0001* 
nos-GAL4-control 1.1477444 1.060323 1.08 0.2811 
Oregon-R -0.949875 0.649557 -1.46 0.1461 
smo-RNAi-1-control 0.1553136 0.923061 0.17 0.8666 
smo-RNAi-1/nos-GAL4-2 -0.414491 0.928853 -0.45 0.6562 
TRiP-bab-1/nos-GAL4-1 -6.096737 2.630927 -2.32 0.0221* 
TRiP-bab-1/nos-GAL4-2 -2.449117 1.314829 -1.86 0.0648 
TRiP-bab-1-control -0.390618 2.134314 -0.18 0.8551 
TRiP-bab-2/nos-GAL4 2.1738405 0.62088 3.50 0.0006* 
dpp-RNAi/nos-GAL4 -2.689456 0.990079 -2.72 0.0075* 
UAS-mid-control 2.152038 1.662296 1.29 0.1978 
mid-RNAi/nos-GAL4-1*(Ov. Area mm2-
0.85299) 8.4321088 4.807959 1.75 0.0818 
nos-GAL4-control*(Ov. Area mm2-
0.85299) -1.13675 4.735679 -0.24 0.8107 
Oregon-R*(Ov. Area mm2-0.85299) 3.999039 2.671558 1.50 0.1369 
smo-RNAi-1-control*(Ov. Area mm2-
0.85299) -1.931205 3.842191 -0.50 0.6161 
smo-RNAi-1/nos-GAL4-2*(Ov. Area 
mm2-0.85299) 12.039702 6.557633 1.84 0.0687 
TRiP-bab-1/nos-GAL4-1*(Ov. Area mm2-
0.85299) -1.306757 5.994707 -0.22 0.8278 
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Table 4 (continued). 
Term Estimate Std Error t Ratio Prob>|t| 
TRiP-bab-1/nos-GAL4-2*(Ov. Area mm2-
0.85299) -3.008493 6.598165 -0.46 0.6492 
TRiP-bab-1-control*(Ov. Area mm2-
0.85299) 2.2315816 7.468634 0.30 0.7656 
TRiP-bab-2/nos-GAL4*(Ov. Area mm2-
0.85299) 2.3788752 3.321558 0.72 0.4752 
dpp-RNAi/nos-GAL4*(Ov. Area mm2-
0.85299) -6.002444 5.650947 -1.06 0.2901 
UAS-mid-control*(Ov. Area mm2-
0.85299) 1.5156163 7.90006 0.19 0.8482 
Level Least Sq Mean Std Error Mean 
mid-RNAi/nos-GAL4-1 15.483950 0.7282603 14.8182 
nos-GAL4-control 8.977304 1.0651949 6.7857 
Oregon-R 6.879684 0.5401915 7.3500 
smo-RNAi-1-control 7.984873 0.8988585 8.2857 
smo-RNAi-1/nos-GAL4-2 7.415069 0.9059907 9.3000 
TRiP-bab-1/nos-GAL4-1 1.732823 2.8445786 7.0000 
TRiP-bab-1/nos-GAL4-2 5.380442 1.3638282 7.0000 
TRiP-bab-1-control 7.438942 2.2916919 3.3333 
TRiP-bab-2/nos-GAL4 10.003400 0.4980843 9.3750 
dpp-RNAi/nos-GAL4 5.140104 0.9807160 6.2174 
UAS-mid-control 9.981597 1.7610712 7.0769 
dpp-RNAi-control 7.536526 1.6248081 6.5556 
Note. This table contains tested genotypes under ‘TERM’, p-values of co-variance, p-values of genotype*area interaction and least 
square means for specific genotype. Significant p-values are labeled red.  
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To answer our research question, we tested a population of 152 flies including 
six-LOF genotypes and five different controls. Additional controls for the OR WT were 
necessary in order to exclude the possibility of an artificial background effect of either 
the RNAi- or GAL4- insertion-carrying transgenic flies. The transgenic flies that were 
used as a control did not yield significantly different p-values or least mean squares 
compared to the OR WT flies. With the R Square of 0.67, our ANCOVA model 
accounted for 67% of variance. Setting alpha to 0.05, our ANCOVA model generated 
four significant p-values (Table 4). We also accounted for the possible genotype*ovarian 
area interaction which yielded no significant p-values. The correlation between egg count 
and ovarian area for each genotype is shown in Figure 14.   
The mid LOF studies yielded a p-value of 0.0001 and a least square mean of 
15.48. Comparing the mid RNAi condition least square mean and the slope of the fit line 
to the remaining data (Table 4; Figure 14), we can conclude that the mid LOF genotype 
produces significantly more mature eggs per ovarian area than other tested genotypes 
within the three-day time frame.   
The bab-1 LOF condition yielded a p-value of 0.0221 and least square mean of 
1.73 (Table 4). Comparing bab-1 least square mean and the slope of the fit line to the 
remaining data (Table 4; Figure 14), we can conclude that bab-1 RNAi conditions 
produce significantly less mature eggs per ovarian area than the other tested genotypes. In 
addition, we performed another bab-1 LOF study using a different nos-GAL4 germline 
driver to exclude the effect of the driver line itself. According to our model, this bab-1 
LOF study yielded a p-value of 0.0648 and least mean square of 5.38 (Table 4). Although 
using an alpha of 0.05, we failed to obtain a significant p-value for this study. Both the 
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least mean square and p-value indicate a lower amount of mature egg production per 
ovarian area in comparison to other genotypes.  
The bab-2 LOF studies yielded a p-value of 0.0006 and a least square mean of 
10.00 (Table). Therefore, we conclude that under bab-2 RNAi conditions, significantly 
more eggs are produced per ovarian area of three-day old flies. However, the least square 
mean is lower in comparison to mid RNAi conditions which indicate that bab-2 RNAi 
conditions produce less mature eggs per ovarian area than mid-RNAi conditions.  
The dpp LOF condition yielded a p-value of 0.0075 and a least square mean of 
5.14 (Table). Comparing dpp least square mean and the slope of the fit line to the 
remaining data (Table 4; Figure 14), we conclude that dpp-RNAi conditions produce 
significantly less mature eggs per ovarian area of three-day old flies. Thus, by statistical 
analyses, dpp-RNAi conditions result in a similar phenotype observed under bab-1 LOF 
conditions (Table 4; Figure 14).  
Finally, smo LOF study yielded a p-value of 0.6562 and least mean square of 7.72. 
(Table 4). Therefore, we concluded that LOF of the Smo protein was not significantly 
impacting the number of mature eggs per ovarian area of three-day old flies. However, 
although not significant, smo LOF studies yielded the smallest p-value of 0.0687 for 
ovarian area*genotype interaction indicating that although smo RNAi conditions do not 
necessarily yield more mature eggs per ovarian, they tend to have larger ovaries.  
Based on this study, we are providing new evidence suggesting that mid-, bab- 
and dpp- RNAi conditions affect egg production and maturation in adult Drosophila 
ovaries. These results show a positive correlation among mid-, bab- and dpp- RNAi 
conditions that indicate their involvement in regulating EGFR and ecydsone pathways. 
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Conversely the down regulation of the Hh pathway did not provide the same results. 
Currently, we are in the process of expanding these statistical analyses by GOF studies. 
Based upon the LOF results, we hypothesize that mid-, bab- and dpp- GOF studies will 
have the opposite effects on the production of mature eggs per ovarian size of three-day 
old flies.
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CHAPTER V 
DISCUSSION 
High mortality rates due to bab-1-GAL4 expression in the mid-RNAi background that 
reveal Mid and Bab-1 play important developmental roles when simultaneously 
expressed within several tissue types 
Performing mid LOF and GOF studies with two different bab-1-GAL4 drivers 
yielded significantly high mortality rates. Of course, the ubiquitous nature of the bab-1-
GAL4 drivers could be the reason. Therefore, based on the Cabrera et al. study [87], we 
analyzed the results further.  
The Cabrera et al. (2002) studies designed the bab-1-GAL4 drivers in order to 
directly observe the pattern of Bab-1 expression throughout developing tissues of 
Drosophila melanogaster. In order to do so, they inserted the GAL4 gene, encoding 
the yeast transcription activator protein, within the bab-1 coding region. The insertion 
was followed by sequencing two insertion sites: the P- and A- site corresponding to the 
bab-1-GAL-1 and bab-1-GAL4-2 driver lines, respectively. The study also performed a 
Beta-galactosidase assay that labeled the GAL4 protein. The Beta-galactosidase assay 
revealed both driver lines express GAL4 throughout a variety of tissues including the 
ovarian terminal filament, testis genital disc, wing disc, haltere disc (stage 16), eye-
antennal disc, and salivary glands [87]. Moreover, the bab-1-GAL-1 and bab-1-GAL4-2 
driver lines were slightly diverse in their expression of GAL4 within the tissues, 
especially within the eye-antennal disc. The bab-1-GAL4-2 driver line GAL4 is expressed 
in a more concentrated manner within the concentric ring of the antennal disc showing a 
distinct Bab-2, Mid, and H15 expression pattern (Figure 4). The bab-1-GAL-1 driver line 
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GAL4 is expressed in a less-limited manner predicting the Bab-1 expression pattern 
within the eye portion of the imaginal disc. This data validates the Drosophila eye as a 
practical model system for undertaking the genetic modifier screen [8].  
In addition, the bab-1-GAL4 driver lines confirmed that the lethality of the 
mid/bab-1-GAL4 progeny does not result from the bab-1 enhanced GAL4 expression. For 
example, d-myc is required for variety of biological functions including cell proliferation 
[94], embryonic pattern specification inferred from genetic interaction with EGFR [95], 
regulation of apoptotic processes [96], and other processes. Moreover, the d-Myc 
expression pattern corresponds with that of the bab-1-GAL4 driver where GAL4 is 
expressed within the wing disc, haltere disc, eye-antennal disc, salivary glands, and 
ovaries. Nevertheless, the myc GOF studies that were driven by bab-1-GAL4 result in 
relatively low mortality rates in comparison to the mid LOF and GOF studies.  
Furthermore, emc is also involved in the process of cellular proliferation and 
EGFR signaling [86]. Moderate emc expression has also been reported for the eye-
antennal disc, salivary glands and ovaries (modENCODE expression Cell Line Data). 
Additionally, we have not observed the lack of transgenic progeny under bab-1 or bab-2 
LOF studies achieved by bab-1-GAL4 and bab-2-GAL4 driver lines, respectively. Also, 
earlier in vitro studies have shown both Bab-1 and Bab-2 bind to the cis-regulatory 
regions of bab-1 and bab-2 enhancer regions [97], thus predicting transcription factor 
interactions.  
Based on our findings, we predict the high mortality rates are due to bab-1-GAL4 
expression in the mid-RNAi background.  
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Distinct expression of Bab-2, Mid and H15 in the antennal disc and salivary glands 
indicates their interaction is necessary for the formation of developmental axes 
Morphogenesis of the eye-antennal disc starts by the initiation of a morphogenetic 
wave of signals controlled by the secreted morphogens Hh, Dpp, Wg. In the developing 
eye-antennal disc, EGFR and Notch signaling promote two different fates: antennal and 
eye disc, respectively [98]. During the constitutive expression of the EGFR pathway 
(GOF study), the eye portion of the disc results in a duplication of the antennal phenotype. 
Additionally, Doung et al. [99] showed that repression of eye disc growth also leads 
towards the duplication of the antennal disc phenotype. Therefore, establishing the proper 
parameters and limitations to signaling pathways is vital to achieve specific fates during 
morphogenesis. In Drosophila melanogaster, the signaling network is guided by the 
formation of dorsal/ventral and anterior/posterior axes. For example, with the 
collaboration of Distal, Rough and leg-and-antennal enhancer (LAE), bab-2 activation is 
essential during the 3°L stage for fine-tuning the dorsal-ventral patterning of the antennal 
disc. However, based on our data, we are the first to report that H15 exhibits a similar 
concentric pattern of expression suggesting its potential role in dorsal-ventral patterning 
during antennal development (Figure 4). In addition, we observe a minor concentric 
pattern of Mid expression. Nevertheless, the precise role of mid within the antennal disc 
remains unknown.  
In salivary glands, a dorsal-ventral axis is formed by crosstalk between the Dpp 
and EGFR signaling pathways where Dpp signaling is expressed more dorsally and 
EGFR signaling more ventrally during development [100]. This crosstalk is governed by 
the expression of AbdB. AbdB is a rare protein that was reported to interact directly with 
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Bab during Drosophila development [101].  In the development of the abdomen, bab 
regulates segment shape and bristle and trachoma patterns in a manner reciprocal to Abd-
B, acting as an antagonist of Abd-B homeotic function. However, when it comes to the 
development of salivary glands, the precise role of the bab locus, mid, and H15, remains 
unknown.  
Bab-2 pattern of expression shows its role in anterior-posterior polarization during 
oogenesis 
Both proteins of the bab locus are expressed within the terminal filament, cap 
cells, dividing escort cells, and follicle cells of germarium. Throughout oogenesis, the 
expression of Bab-2 becomes concentrated in the polar cells and in the posterior area of 
the developing oocyte (Figure 7). Bab-2 expression within the oocyte corresponds to the 
expression of the dorsal-ventral organizer oo18 RNA-binding protein (Orb) [102].  
During oogenesis, the EGFR ligand Gurken (GRK) is secreted from the dorsal 
anterior cortex of the oocyte [2]. Once secreted, it establishes a dorsal-ventral gradient of 
EGFR activation by inducing another BTB/POZ domain protein, Broad, in the dorsal 
follicle cells. Upon Broad expression, the Gurken gradient assumes a concentric shape. 
Therefore, Fregoso-Lomas et al. (2013) argued that there should be anterior competence 
or a refractory posterior region, which would limit the ability of cells to respond to EGFR 
signaling in the anterior. However, Broad, expressed merely in the dorsal ventral follicle 
cells, could not be sufficient. That conclusion eventually led them to discover that Mid 
and H15 were the key regulators delimiting EGFR signaling by formation of the 
refractory posterior region. In this study, we show an additional expression of Bab-2 
within the polar cells surrounded by Mid and H15 expression (Figure 9).  
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However, it is important to bear in mind that according to Fregoso-Lomas et al. 
(2013), mid and H15 assume the role of the refractory posterior region during mid-
oogenesis. Thus, we examined the earlier formation of the anterior-posterior axis. We 
found that the Bab-2 expression pattern overlaps precisely with the pattern of Unpaired 
(Upd) within the anterior polar cells. The formation of the anterior polar cells is one of 
the first steps in forming the anterior-posterior axis initiated by the Notch-Delta signaling 
cascade [50]. As a result, Upd sends a signal that will activate the JNK-STAT signaling 
cascade. The very distinct expression of Bab-2 within anterior polar cells provides a clue 
that bab-2 is involved not only in the formation of the anterior-posterior axis, but also in 
the crosstalk of two signaling pathways within the ovaries.  
Both Bab-1 and Bab-2 show a high pattern of expression within the terminal 
filament that places them in the GSC niche of adult Drosophila ovaries. The crosstalk 
between Bab-1 and Bab-2 with ecydsone, insulin, and EGFR pathways during 
morphogenesis and proliferation of the terminal filament has been confirmed [43]. 
Conversely, Mid expression is mostly found in the posterior of the germarium starting 
with the follicle cell niche during early maturation of the oocyte. Also, we detected 
significant expression of Bab-1 and Bab-2 within the cap and escort cells at the most 
apical tip of the germarium. This pattern of expression indicated they are involved with 
niche signaling and cell proliferation. Moreover, the proper function of escort cells is 
necessary for GSC maintenance [89].  
In addition to Bab and Mid, we also examined d-Myc expression considering that 
Cai et al. (2005) showed that N-myc-1 is upregulated by Tbx20. More recently, Ren et al. 
(2013) have shown that d-myc functions downstream of Hippo, JNK-STAT, and EGFR 
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signaling pathways to regulate intestinal stem cell proliferation. Based on the co-
localization pattern of Bab-2, Bab-1, Mid, and Myc expression within the germarium 
GSC and FSC niches, we predicted that bab-1, bab-2, and mid serve as regulators of cell 
proliferation. Considering the previous role of bab genes in patterning the developmental 
axes and the Bab-2 expression pattern within the anterior polar cells, we predict its 
involvement in the patterning of the anterior-posterior axis within the adult Drosophila 
ovary.  
mid functions within dpp and d-myc pathway 
Fregoso-Lomas et al. (unpublished data) discussed the possibility that dpp 
downregulates mid expression during the oogenesis. However, their study did not pursue 
this question any further. Generating dpp LOF and GOF studies, we confirm that Mid 
expression is dependent on dpp upregulation where Dpp exhibits an antagonistic effect on 
Mid expression (Figure 10).  Furthermore, our mid LOF studies downregulated the 
expression of d-myc (Figure 12). However, the dpp and myc signaling interaction in 
regard to regulation of cellular proliferation involves a complex mechanism. The final 
outcome towards growth or apoptosis in the presence of the Dpp morphogen often 
depends on Myc ribosomal activity [103]. Therefore, knocking down Mid expression can 
certainly lead toward mis-regulation of the dpp-myc signaling cascade. However, it does 
not necessarily increase cell proliferation as a final outcome.  
The expression of smo is necessary for Bab-2 expression within the escort and polar cells. 
Since Hh expression is high within the anterior terminal filament cells [104], we 
decided to test whether there is regulatory relationship between Hh signaling and the 
abundant expression of Bab proteins across this region. Hh binding to the transmembrane 
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protein Ptc allows Smo to initiate a signaling cascade that eventually leads towards the 
accumulation of signaling factors which allow for the expression of the Drosophila BMP 
homologues in addition to the essential stem cell factors Dpp and Glass bottom boat 
(Gbb) [89]. When Hh is blocking Ptc, Smo is expressed.  Consequently, Smo from the 
cap cells extracellularly binds to the nearby escort cells where it initiates Dpp and Gbb 
cascades. This signaling is a necessary requirement for GSC maintenance [89]. Our smo-
RNAi condition resulted in a bab-2 deprived escort cell. Furthermore, the loss of Bab-2 
expression within the polar cells of earlier egg chambers was also detected.  
The bab-1-RNAi conditions also yielded very exciting results. It has been shown 
that Bab-1 can upregulate the expression of Bab-2. A decrease in the levels of Bab-1 
expression also resulted in uncontrollable expression of Mid. These results support the 
utility of the genetic modifier screen data and our more recent studies of the Drosophila 
eye (data not shown), that indicate bab-1 antagonizes the expression of mid.   
BrdU proliferation assay revealed that low levels of Bab-2 enhance cellular proliferation 
within the germarium 
bab-2 and bab-1 are involved in crosstalk of ecydsone/EGFR during the 
formation of the terminal filament [43]. There are two conflicting studies regarding the 
bab locus and the role it plays in regulating the number of ovarioles during oogenesis 
[57] [105]. In the Couderc et al. (2002) study, bab-2 and bab-1 mutants exhibit a smaller 
number of ovarioles. Conversely, Bartolleti et al. (2012) report quite the opposite result. 
However, the Chalvet et al. (2011) study showed that using bab mutants alone could be 
misleading. Due to the different mechanisms and depending on the nature of the mutation, 
the bab locus can overcome the mutation by possible cis- and trans- regulatory effects. 
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These effects, as previously characterized, can affect not only one, but both of the bab 
paralogs. Additionally, studies by Bardot et al. [21] have shown differences in 
evolutionary pressure placed on distinct enhancer regions of bab-1 in comparison to bab-
2. Thus, it is very likely that the functions of bab-1 and bab-2 are distinct due to 
evolutionary pressures.  
Here, we have shown that decreasing levels of Bab-2 expression within the GSC 
niche increases the number of proliferative cells (Figure 13, Table 3). Conversely, bab-1 
RNAi/nos-GAL4 genotypes did not produce similar results. To further determine whether 
the bab-2 LOF mutation is niche dependent, we used the ptc-GAL4 driver line that drives 
the knockdown of bab-2 in the somatic cells. As expected, the results were not significant. 
However, the bab-2 RNAi/nos-GAL4 genotype establishes bab-2 as an early, negative 
regulator of cellular proliferation during oogenesis. Furthermore, we argue that bab-2 
acts as a negative regulator of proliferation via an unknown mechanism that involves the 
proper formation of the anterior-posterior axis. Nevertheless, we have not excluded the 
possibility that bab-1 may have a slightly different, but important role in regulating the 
number of cells generated within the GSC niche or the number of ovarioles.  
Statistical analyses that show dpp and bab-1 LOF results in a low number of mature eggs, 
while bab-2 and mid LOF have the opposite effect 
While the germarium is located at the most apical tip, the mature egg is located 
posteriorly and represents the final product of oogenesis. The mature egg can be 
recognized by the formation of respiratory appendages. The formation of respiratory 
appendages requires shaping of the anterior and dorsal follicle cells. Prior to their 
morphogenesis, cells of the presumptive appendages are determined by integrating 
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dorsal–ventral and anterior–posterior positional information provided by EGFR and Dpp 
pathways [106]. It is also known that crosstalk between EGFR pathway and the 
Drosophila growth hormone ecydsone regulates the maturation and the growth of egg 
chambers throughout oogenesis, eventually leading towards a fully mature, viable egg 
[93].  
Therefore, as an extension of this research, the bab genes (ecydsone/EGFR 
crosstalk across formation of terminal filament), mid (refractory posterior region) and dpp 
(up regulator of mid) were obvious egg-maturation gene candidates. We proceeded to the 
bab-, mid-, dpp- loss and GOF studies and analyzed the effect of our studies on the 
number of mature eggs in three-day old flies. Here, we report that mid- and bab-2- LOF 
studies yielded similar phenotypes.  Both mid-RNAi/nos-GAL4 and TRiPbab-2/nos-GAL4 
genotypes resulted in an increase of mature eggs within a three-day time frame. 
Conversely, dpp-RNAi/nos-GAL4 and TRiPbab-1/nos-GAL4 genotypes resulted in a 
decrease of mature eggs within a three-day time frame. Based upon these data and on the 
results of the BrdU assay analysis, we believe that the level of Bab-2 expression earlier 
during oogenesis is necessary to regulate the EGFR pathway. We also argue that Bab-2 
antagonizes the EGFR pathway in a similar manner as Mid and H15 later on during 
oogenesis. However, Bab-2 expression restricted to the polar cells and such spatial 
constraints make it a poor modulator of the anterior-posterior axis. Moreover, considering 
bab-1 and dpp RNAi conditions resulted in a decrease in the number of mature eggs 
within three days, we believe the expression of Bab-1 and Dpp promotes the progression 
of the EGFR signaling pathway within the GSC niche.  
 
64 
 
 
The proposed model 
Based on our data and the literature, we are proposing the following model 
(Figure 15). During early oogenesis, bab-1 and dpp antagonize the expression of mid in 
order to promote the expression of bab-2. The mid and bab-2 genes play the same role 
during the oogenesis (Figure 14) by antagonizing the EGFR pathway along the anterior-
posterior axis. However, unlike mid, bab-2 does not seem to antagonize d-Myc. 
Additionally, several studies have shown that Bab-1 and Bab-2 can bind to each other’s 
alleles in a cis- and trans- manner. The high reactivity among them allows Bab-1, as the 
potential promoter of the EGFR pathway, to bind more readily, if necessary, to its 
paralog in order to promote cellular proliferation. Moreover, the specific pattern of Bab-2 
expression within the anterior polar cells and in the posterior of the developing oocyte 
indicates that bab-2 plays a role in the early formation of anterior-posterior axis. 
Therefore, we argue that high gradients of Bab-1 and Dpp enable Bab-2 to execute a role 
that Mid and H15 would replicate during later stages of oogenesis. During the growth of 
the egg chambers, the signaling gradient initiated from the anterior follicle cells (Dpp) 
becomes more diffuse in the posterior of egg chamber. Furthermore, the Gurken/EGFR 
pathway finally activates another BTB/POZ domain protein Broad within dorsal follicle 
cells. Broad promotes expression of thickveins (tkv) that actually promotes Dpp 
repression of Broad. This additionally weakens the Dpp gradient allowing for the 
expression of Mid and H15 [2]. Once expressed, Mid lowers levels of d-Myc. The low 
expression of d-Myc, in collaboration with Dpp, leads towards cell death rather than 
proliferation. Additionally, it is important to mention that at this stage of oogenesis, the 
apoptosis of nurse cells is essential for forming the proper egg pattern.   
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CHAPTER VI 
FUTURE DIRECTIONS 
The central aim of this thesis is to elucidate the collaboration of the bab locus and 
mid in regulating cellular proliferation within adult Drosophila melanogaster ovaries.  
Regardless of the abundance of Bab expression during the processes of morphogenesis, 
organogenesis, and activation of major signaling networks, the precise role of the bab 
locus remains largely unexplored. These studies have taken steps towards better 
understanding the bab locus in addition to uncovering a novel role of mid during 
oogenesis. This research must be further clarified in order to achieve a complete 
understanding of the bab genes and mid genetic hierarchy regulating cellular proliferation 
during oogenesis.  
Test the proposed model 
While these studies have led to the formation of a proposed model in which Bab-1 
antagonizes Mid in order to promote Bab-2 activity during earlier stages of oogenesis, we 
must test the model. Considering that we also propose that Bab-2, Mid, and H15 
collaborate in order to achieve anterior-posterior polarization and repress the EGFR 
pathway, we can examine what effect bab-2-/- and mid-/- double mutant would have on 
the formation of the anterior-posterior axis. Moreover, we are in the process of generating 
mid/H15 mitotic clones using the FRT/FLP system. Furthermore, we are planning to 
expand this experiment by generating bab-1 and bab-2 mitotic clones.  
Expand statistical analysis 
We are in the process of analyzing stage 5 and stage 10 of BrdU stained egg 
chambers according to the LOF studies presented in this thesis. Furthermore, we are 
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planning to expand this analysis during smo-, dpp -, myc-, and bab GOF conditions. A 
distinct expression of Bab-2 during this study uncovered other gene candidates such as 
Upd and Broad that we are ready to assay with our studies.  
Using ptc-GAL4 as a driver line for the bab-2 LOF study showed the necessity for 
testing other drivers in addition to nos-GAL4 and bab-1-GAL4 in order to differentiate 
among proliferative cell types. To establish whether an increase in GSCs occurs within 
the niche, we can apply anti-Phospho-Mad that would immunolabel merely GSCs during 
these studies.  Currently, we learned that anti-Phospho-Smad-3 or Smad4 can cross react 
with Drosophila Mad. Thus, we are obtaining these reagents from the Developmental 
Hybridoma Bank (Iowa University).  
At the moment, we are in the process of gathering data from other LOF and GOF 
crosses to complete the analysis of correlating the mature egg count with ovarian area.  
Validate the Drosophila eye as a good model system for the genetic modifier screen 
In addition to the modENCODE consortium data that predicted the Bab-1-Mid 
interaction, this thesis is greatly based on the mid-interacting gene candidates that were 
identified by Das et al. (2013) via a genetic modifier screen. Analyzing eye-antennal 
discs at the beginning of this study, we gained good ideas about the role of bab-2, mid, 
and H15 interactions that regulate the formation of anterior-posterior axis and also, the 
impact on cellular proliferation. As such, we began studies that would not only allow us 
to validate this model in the Drosophila eye, but that would also validate the strength and 
reliability of the genetic modifier screen to uncover mid-interacting genes with shared 
conservation across tissue.  
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Figure 15. The proposed model of the mid and bab potential collaboration as regulators 
of cellular proliferation during oogenesis. We propose that Dpp and Bab-1 antagonize 
Mid expression early within the oogenesis.  As such, Dpp and Bab-1 promote Bab-2 to 
participate in the early polarization of the anterior-posterior axis. Further on in oogenesis, 
a diffused gradient of Dpp becomes additionally directed towards the Br, by repressing it. 
Low levels of Dpp within the posterior-most area of the egg chamber allow the 
expression of Mid and thus, the repression of d-Myc. The low levels of d-Myc in addition 
to the Dpp signal result in the shift towards apoptosis necessary for egg maturation.   
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